Production of mature RNAs requires many coordinated steps [1] [2] [3] . The m7G cap is a crucial element that is present on RNA polymerase II (Pol-II) transcripts 4 . It is added cotranscriptionally after the synthesis of the first 20 nt (refs. 5-7), and it is the hallmark of successfully initiated transcripts. The cap protects RNAs from exonucleolytic degradation and has numerous other functions. In the nucleus, it is bound by the CBC, consisting of CBP80 and CBP20 (ref. 8). The CBC promotes splicing of cap-proximal introns 8 , 3′-end formation 9 , intranuclear transport 10 , export 11,12 and translation 13, 14 . The CBC is thus a central node in RNA metabolism, and it potentially integrates and couples these steps.
a r t i c l e s
Production of mature RNAs requires many coordinated steps [1] [2] [3] . The m7G cap is a crucial element that is present on RNA polymerase II (Pol-II) transcripts 4 . It is added cotranscriptionally after the synthesis of the first 20 nt (refs. 5-7), and it is the hallmark of successfully initiated transcripts. The cap protects RNAs from exonucleolytic degradation and has numerous other functions. In the nucleus, it is bound by the CBC, consisting of CBP80 and CBP20 (ref. 8) . The CBC promotes splicing of cap-proximal introns 8 , 3′-end formation 9 , intranuclear transport 10 , export 11, 12 and translation 13, 14 . The CBC is thus a central node in RNA metabolism, and it potentially integrates and couples these steps.
The CBC recruits different factors to elicit distinct effects for different RNA families. It promotes nuclear transport of precursors of small nuclear RNAs (snRNAs) and of capped small nucleolar RNAs (snoRNAs) (pre-snRNAs and pre-snoRNAs, respectively) through the adaptor PHAX 10, 12 . For polyadenylated mRNAs, the CBC stimulates export, but in this case it associates with the export receptor TAP through ALY 11 . In the case of nonpolyadenylated histone mRNAs, the CBC promotes 3′-end formation through an interaction with NELF and SLBP 15 . These observations raise several important questions. First, despite its importance in RNA metabolism, only PHAX, NELF-E and the translation factor CTIF have been formally shown to directly contact the CBC, thus leaving some important effectors yet to be discovered. In particular, how the CBC stimulates splicing and cleavage at polyadenylation sites still remains elusive. Second, the basis for discriminating RNA families is not well understood, although RNA length was shown to be an important feature 10, 16 . This is, however, critical because the CBC must route the RNAs to the correct biogenesis pathways to make the RNAs functional 16 . The third question relates to coupling, which occurs when one processing event stimulates the following one [1] [2] [3] . The CBC is ideally placed to couple processing steps, but whether this occurs, and how, is not known.
A useful paradigm to study both the coupling and the specificity of CBC action is PHAX because this factor has been proposed to act specifically on small-sized RNAs such as pre-snRNAs and capped presnoRNAs and not on long RNAs such as mRNAs 10, 16 . Here, to study the mechanisms of action of CBC, we purified PHAX and identified the CBCAP complex, which contains CBC, ARS2 and PHAX. We show that ARS2 links the cap to 3′-end maturation for several RNA families and favors the production of short RNAs.
RESULTS

The CBCAP complex contains CBC, ARS2 and PHAX
To better understand PHAX function, we purified it from HeLa nuclear extract with monoclonal antibodies (Supplementary Fig. 1a ) and characterized the associated proteins by gel electrophoresis. Several proteins were present in high amounts in the PHAX immunoprecipitates (Fig. 1a) . MS indicated that three major bands corresponded to CBP20 and CBP80, as expected, and to a 120-kD protein identified as ARS2.
ARS2 was previously copurified with CBC 17 , and our results indicated that a fraction of this complex also contains PHAX. In agreement a r t i c l e s with this, PHAX coprecipitated with ARS2 from both nuclear and cytoplasmic S100 extracts (Fig. 1b) . This interaction was resistant to RNase treatment, thus indicating that it was mediated by protein-protein contacts. Given that association of proteins can occur in extracts, after cell lysis, we also performed live-cell co-recruitment assays 18 . We fused PHAX to Laci-mCherry and coexpressed it with GFP-ARS2 in cells containing a LacO array that formed a large spot in interphasic nuclei (Fig. 1c) . PHAX-Laci-mCherry accumulated at the LacO array and recruited GFP-ARS2, whereas a nonrelevant protein, GFP-KPNA2, remained diffusely distributed. Likewise, KPNA2-Laci-mCherry failed to recruit GFP-ARS2 (Supplementary Fig. 1b) , thus demonstrating a specific interaction between PHAX and ARS2 in live cells.
We then dissected the interactions, using two-hybrid tests. We detected no interaction between individual CBC subunits and either ARS2 or PHAX or between PHAX and ARS2 ( Supplementary  Fig. 1c ). We reasoned that some interactions might occur only with the complete CBC complex. Indeed, a two-hybrid approach in which both CBC subunits were coexpressed showed interactions between CBC and either ARS2 or PHAX, and the conserved ARS2 C-terminal domain (CTD) mediated the interaction with CBC (Fig. 1d) .
ARS2 interacts with CBC in cell extracts 17 , but a direct physical interaction had not been demonstrated. This is, however, an important point because dozens of proteins copurify with the CBC even in RNase treated extracts 19 , and identification of the direct CBC partners is thus an essential step to better understand its mechanism of action. We set out to reconstitute complexes from proteins purified in vitro. We mixed recombinant CBC and ARS2 and added them to m7-G resin. Gel filtration of the eluate showed a major peak containing both CBC and ARS2 (Fig. 2a) . Thus, CBC and ARS2 associate to form a complex that we named CBCA. We then repeated the experiment, using ARS2 and a preformed CBC-PHAX complex 20 (CBCP; Fig. 2b ). All four proteins copurified on m7G columns, and upon gel filtration the eluted material migrated as a major peak that contained the four proteins in similar amounts. These results indicate that a stable protein complex is formed in vitro with recombinant proteins. We refer to this complex as CBCAP, for CBC, ARS2 and PHAX.
In vitro, ARS2 and PHAX bind independently to the CBC. In vivo, however, PHAX binds CBC together with ARS2. We thus tested whether ARS2 stimulated the binding of PHAX to CBC, using the sensitive and quantitative luminescence-based mammalian interactome mapping (LUMIER) assay 21 . We fused PHAX to Renilla luciferase and cotransfected it in HeLa cells together with Flag-CBP20 in the presence of short interfering RNAs (siRNAs) to ARS2 or control siRNAs. Anti-Flag immunoprecipitation (IP) and luciferase measurements on extracts and beads showed that depletion of ARS2 reduced the PHAX-luciferase activity in pellets relative to inputs by more than two-fold (Fig. 2c) . ARS2 thus enhanced the binding of PHAX to CBC in vivo.
CBC and ARS2 associate with a similar set of capped RNAs CBC and PHAX associate with m7G-capped snRNA and snoRNA precursors 10, 12 , thus raising the possibility that ARS2 would do the same. To test this possibility, we performed a short metabolic labeling with 32 P for optimal visualization of snRNA precursors and immunoprecipitated extracts with anti-PHAX or control antibodies for untransfected cells, and with glutathione beads for cells transfected to express glutathione S-transferase (GST)-ARS2 or GST-MAp12 as controls (Fig. 3a) . As expected, anti-PHAX antibodies immunoprecipitated U3, U2, U1, U4 and U5 precursors but not uncapped small RNAs such as U6 snRNA and signal recognition particle RNA. GST-ARS2 immunoprecipitated a similar set of RNAs, although generally less efficiently ( Fig. 3a and data not shown) . To confirm the association of ARS2 with pre-snRNA, we introduced single-copy genes bearing a triple Flag tag (3× Flag-ARS2 and 3× Flag-CBP20) into HeLa cells, using the Flp-In system (Fig. 3b) . Western blotting analysis revealed the presence of tagged proteins in amounts similar to those of the
Alix PHAX ARS2 Alix
HIS3
AS-CBP20 Act-X
AS-CBP80
Laci-PHAX GFP-ARS2
Laci-PHAX GFP-KPNA2 Fig. 2a ). Anti-Flag IPs analyzed by reverse-transcription quantitative PCR (RT-qPCR) showed that the Flag-ARS2 pellets were highly enriched in pre-U2 RNAs in cells expressing 3× Flag-ARS2 compared to the parental cells ( Fig. 3e and Supplementary Fig. 2b ). Because CBC and PHAX also bind capped pre-snRNA and pre-snoRNAs, these results suggest that the entire CBCAP complex associates with these RNA species. PHAX was proposed to bind specifically to small, capped noncoding RNAs 10, 12 , whereas ARS2 is also involved in the biogenesis of microRNAs and histone mRNAs 17, 22 . To define the entire set of RNAs associated with ARS2 and to determine whether these are bound in the context of CBCA, we analyzed the IPs with microarrays. We first compared capped and uncapped noncoding RNAs and observed that the 'capped group' was enriched in ARS2 and CBC IPs, whereas the 'uncapped group' was not (Supplementary Fig. 2c ). Thus, like the CBC, ARS2 binds specifically to capped RNAs.
Next, we sorted the microarray data, using a threshold equal to the mean plus 1.5 s.d. and found that sets of 2,003 and 1,713 RNAs were enriched in CBP20 and ARS2 IPs, respectively (Fig. 3c) . Interestingly, 61% of the RNAs associated with ARS2 were also associated with the CBC. In addition, taken as a whole, the RNAs enriched in the ARS2 set, but not in the CBP20 one, were still associated with CBP20, although below the threshold of 1.5 s.d. (Supplementary Fig. 3a) . Likewise, RNAs present in the CBC but not in the ARS2 set were also bound by ARS2. We then plotted the two IP data sets against each other. We saw a strong correlation (Pearson correlation coefficient of 0.8; Fig. 3d ) indicating that CBC and ARS2 bind similar RNAs.
Enriched RNAs contained mostly mRNAs ( Supplementary  Fig. 3b and Supplementary Table 1) . We used RT-qPCR to verify some mRNA targets. In agreement with the microarray data, CKS2, Cox7A2, RPS28 and RPL9 mRNAs were enriched in the Flag-ARS2 IPs (Fig. 3e) . In addition, RNase protection assays confirmed that the 3′-processed form of a nonpolyadenylated histone mRNA 23 and a canonical polyadenylated mRNA were both enriched in the ARS2 IPs (Fig. 3f) .
Intriguingly, we did not detect CBC binding to all mRNAs, as might have been expected. This may be because of technical limitations because CBC binds mRNAs only transiently, thus making weakly expressed mRNAs difficult to detect. Because CBC and ARS2 bind similar RNAs, this raises the possibility that CBCA would bind most capped cellular RNAs. In any case, our results demonstrate that CBC and ARS2 bind a similar large set of mRNAs.
CBC and ARS2 promote snRNA 3′-end processing
To define the function of ARS2, we knocked it down by RNA interference and analyzed the resulting RNA levels, using tiled microarrays. Analysis of the U11 snRNA loci revealed an increased signal downstream of the snRNA 3′ end upon ARS2 knockdown ( Supplementary  Fig. 4a) . Averaging of U1-encoding genes similarly showed an increased signal downstream of the mature U1 sequence (Fig. 4a) , thus suggesting defects in snRNA 3′-end processing. We also detected an increased signal upstream of the U1 promoter, which is probably due to a promoter-upstream transcript (PROMPT) 24, 25 whose degradation depends on exosome recruitment by CBCA (described below and in ref. 26) .
To confirm the defect in snRNA 3′-end processing, we used a quantitative transcription read-through assay, in which the firefly luciferase open reading frame was inserted downstream of snRNA 3′-processing signals 27 (Fig. 4b-d) . The luciferase sequence possessed its own polyadenylation (pA) signal, and we controlled for transfection efficiencies by using a Renilla luciferase plasmid that npg a r t i c l e s had the same pA site, thus factoring out mRNA-processing effects. The snRNA reporter was based on U4 and had (i) a mutant Sm site to prevent the assembly of Sm proteins, (ii) a short, unique tag to discriminate it from endogenous U4 and (iii) the U4 promoter because this is required to process snRNA 3′-end sites 28 . Negative controls transcribed the luciferase gene directly from the U4 promoter, without U4 snRNA sequences and processing sites, or transcribed U4 from the CMV promoter. We knocked down several proteins to evaluate their effect on read-through transcription: (i) CBCAP components; (ii) the integrator subunit CPSF3L, which is the putative endonuclease that processes snRNAs 3′ ends 29 ; (iii) the exosome subunits RRP40, which should indicate effects at the level of RNA stability 30 ; and (iv) NELF-E, which directly binds the CBC and is involved in histone and snRNA 3′-end processing 15, 31 .
Results showed a 2-to 5-fold increase in read-through luciferase signals upon depletion of ARS2, CBP20, CBP80 or CPSF3L ( Fig. 4b-d) , whereas knockdown of PHAX, RRP40 and NELF-E had no effect. We saw few effects on the control reporters, which had the CMV or U4 promoters directly driving expression of Firefly luciferase (<1.5-fold signal increases), thus indicating that transcription initiation contributed only marginally to the effects observed. Using a similar reporter based on U3, we found that depletion of CBC, ARS2 and CPSF3L also induced read-through transcription ( Supplementary Fig. 4b ). To confirm these data, we performed RTqPCR analyses, using amplicons located upstream and downstream of the 3′ end of U4 snRNA, for both the luciferase reporter and endogenous U4 (Fig. 4e,f) . We consistently observed more read-through transcripts upon knockdown of CBC, ARS2 and CPSF3L (1.3-to 3-fold). In addition, Pol-II chromatin immunoprecipitation (ChIP) experiments on two endogenous U4 genes showed 1.2-to 2-fold more Pol-II downstream of the U4 3′ end upon depletion of ARS2 (Fig. 4g) . Altogether, these data demonstrate that CBC and ARS2 stimulate 3′-end processing of snRNA and capped snoRNA and that their depletion induces transcriptional readthrough.
CBC and ARS2 promote histone mRNA 3′-end processing
We next analyzed the tiling-array data for defects in mRNA biogenesis. Visual inspection revealed an increased signal downstream of histone-mRNA 3′ ends upon ARS2 depletion (Fig. 5a) . We aligned histone genes from their transcription start sites (TSSs) and averaged their signals. This showed a decreased signal in the coding region, whereas the signal downstream of 3′-end sites increased. These histone mRNAs are not polyadenylated but follow an alternate U7-dependent 3′-end-processing pathway 23 . Because ARS2 depletion did not affect U7 snRNA levels (data not shown), and because ARS2 bound directly to histone mRNAs, these data suggested a direct role of ARS2 npg a r t i c l e s in histone-mRNA 3′-end processing. We then created a luciferase read-through reporter, using the processing site of HIST1H3B. For a positive control, we knocked down FLASH, a protein with an essential role during histone-RNA 3′-end formation 32 . Luciferase activity increased 1.8-to 2.8-fold after depletion of CBP20, CBP80, ARS2 or FLASH, whereas the knockdown of NELF-E, CPSF3L, RRP40 and PHAX had no effects (Fig. 5b) . This confirmed that ARS2 was involved in histone-RNA 3′-end formation, as previously proposed 22 , and it further indicated that this probably occurs in the context of the CBCA complex.
CBC and ARS2 promote processing at pA sites
The previous experiments indicated a role for CBC and ARS2 in 3′-end processing of two types of genes. Because these proteins bind many mRNAs, this prompted us to test whether CBCA was also involved in the processing of pA sites. We focused on two mRNAs bound by CBC and ARS2, CENPW and CNIH4, and inserted their pA sites between the CMV promoter and the firefly luciferase open reading frame to perform read-through assays. We saw a three-to six-fold increase in luciferase activity for the CENPW and CNIH4 reporters after knockdown of CBC or ARS2, and we observed no effect after depletion of PHAX, CPSF3L, FLASH, RRP40 or NELF-E ( Fig. 5c and Supplementary Fig. 5a ). We then mutated the AAUAAA sequences of the CENPW pA region, and this effectively induced transcriptional readthrough (six-fold increased luciferase activity). We saw little or no effect with this mutant construct upon depletion of CBC and ARS2 (Fig. 5c) , thus indicating that these factors act on AAUAAAcontaining signals.
The genome contains many cryptic pA sites that can lead to premature cleavage and polyadenylation. These often occur in the first introns of coding mRNAs and upstream of TSSs [33] [34] [35] . TSS-upstream pA sites limit antisense transcription, whereas cryptic sites in the sense orientation are suppressed by splice-donor sequences. The NR3C1 gene is a model for this phenomenon 34 . It contains a cryptic pA site in its first intron, which is normally repressed by the binding of U1 small nuclear ribonucleoprotein (snRNP) to a nearby splice site. We cloned this cryptic pA site into the luciferase system with part of the first NR3C1 exon. We detected no effect of CBCA with the wild-type sequence in which the cryptic pA site is suppressed (Fig. 5d) . However, mutation of the splice donor activated the cryptic pA (Fig. 5d) , and in this context, both CBC and ARS2 knockdowns induced a two-to three-fold increase in read-through luciferase activity. Furthermore, this was abolished by mutation of the four cryptic AAUAAA-like sequences present within the NR3C1 intron ( Fig. 5d and Supplementary Fig. 5b) . We confirmed these data by RT-qPCR, using amplicons located upstream and downstream of the pA sites ( Fig. 5e and Supplementary Fig. 5c ). We measured a 1.5-to 2-fold increase in read-through transcripts upon depletion of ARS2 or CBP20, for both the CENPW-and NR3C1-containing plasmids as well as for the endogenous CENPW gene. This confirmed that the absence of these proteins induces transcriptional readthrough. Consistently with this, when we interrogated the tiling arrays for signal increases within 350 nt downstream of mRNA ends upon ARS2 depletion we found 50 genes displaying a significant effect (P < 0.05, Wilcoxon signed-rank test, n = 2), thus representing putative ARS2 targets (Supplementary Table 1 ). 
npg a r t i c l e s
ARS2 links the CBC to the 3′-end cleavage factor CLP1
To understand how CBC and ARS2 could mediate the observed effects on 3′-end processing, we characterized ARS2 partners by quantitative stable-isotope labeling by amino acids in cell culture (SILAC) proteomics. We used a GFP-tagged construct stably expressed in U2OS cells, and we performed the experiment in the absence of RNase treatment in order to also capture weakly interacting proteins. Analysis of the pulldowns demonstrated that ARS2 copurified with the CBC and PHAX as expected (Fig. 6a) . About 20 other proteins were also enriched, among which were a number of chaperones and α-importins (Supplementary Table 1 ). Three proteins were directly related to RNA processing: CLP1, hnRNPUL1 and EWSR1. CLP1 was especially appealing because it has an essential function during pA-site cleavage. First, CLP1 copurifies with the TSEN complex, which is involved in both tRNA splicing and cleavage at mRNA pA sites 36 . Second, CLP1 is present in purified fractions of the cleavage factor II CFII(m), where it interacts with the Pol-II CTD-binding protein PCF11 and bridges CPSF with CFI(m) 37 . To strengthen the link between CBC, ARS2 and CLP1, we performed co-IP experiments. First, we overexpressed a GFP-tagged version of CLP1, whose IP revealed an association with Flag-ARS2, Flag-CBP20 and Pol-II, in both untreated and RNase-treated extracts ( Fig. 6b and Supplementary Fig. 6 ). Next, we repeated the experiment, using a stable cell line expressing GFP-CLP1 from a bacterial artificial chromosome (BAC) containing the entire CLP1 gene (Fig. 6c) . In these conditions, GFP-CLP1 is expressed at native levels, and its interactions thus are more likely to reflect the situation of the endogenous protein 38 . We could detect a robust signal for both the endogenous ARS2 and CBP20 in the GFP-CLP1 pellets. However, this interaction was disrupted by RNase. This suggests that the association between ARS2 and CLP1 is mediated by proteinprotein interaction but is stabilized by RNA under the low expression levels of the endogenous proteins.
To analyze the functional relevance of this interaction, we tested the effects of depletion of CLP1 and PCF11 on read-through transcription, using the various luciferase reporters. The depletion of CLP1 was modest ( Supplementary Fig. 7) . Nevertheless, depletion of either CLP1 or PCF11 induced a two-to three-fold increase in luciferase activity, as compared to that of the control plasmids, for the U4, HIST1H3B and CENPW reporters (Fig. 6d) . CLP1 and PCF11 were not previously known to be involved in the 3′-end processing of snRNAs and histone mRNAs, and the similarity of the effects between CBC and ARS2 on one side, and CLP1 and PCF11 on the other, suggests that the interaction between ARS2 and CLP1 is functionally relevant and mediates some of the effect of the cap on 3′-end processing.
CBC and ARS2 promote cap-proximal 3′-end processing
The physical interaction between CBC and CLP1 suggested that the distance between the cap and the 3′-processing signals could have npg a r t i c l e s a role. We thus created new luciferase reporters in which this distance was increased (Fig. 7a) . For the U4 reporters, the read-through effects of CBC, ARS2 and CPSF3L knockdown decreased when the distance increased from 225 nt to 575 nt and was abolished when it reached 725 nt. Similarly, the effect of depletion of CBC, ARS2 and FLASH decreased when the distance between the HIST1H3B histone processing site and the cap increased from 260 nt to 1,260 nt. In the case of the NR3C1 reporter in which the cryptic pA site was active, the effect of siRNA knockdown of CBP20 and ARS2 decreased by more than two-fold when a 1-kb spacer was inserted between the cap and the pA site ( Fig. 7a , P values in Supplementary Fig. 7b ). In contrast, the effect of CBP80 depletion was not significantly affected by the spacer. Because CBP20 is the subunit that directly contacts the cap, these data suggested that the cap, together with ARS2, preferentially stimulates cap-proximal pA sites, whereas CBP80 could also stimulate cap-distal sites, perhaps by a mechanism independent of c Input
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-RNase +RNase Pellet Input -RNase +RNase Pellet npg a r t i c l e s ARS2 and the cap. Altogether, these results indicate that the effects of the cap and ARS2 depend on gene length.
DISCUSSION
ARS2 couples snRNA 3′-end processing with export
The CBC stimulates many steps of RNA maturation, but whether it couples them is not known. Our in vitro reconstitution experiments show that CBC can form independent complexes with PHAX (CBCP), ARS2 (CBCA) or both, whereas in vivo most of PHAX binds CBC together with ARS2. snRNA 3′-end processing and binding of PHAX to CBC are both stimulated by ARS2. This factor thus physically and functionally couples snRNA 3′-end maturation with export (Fig. 7b) .
ARS2 is a key CBC effector that stimulates 3′-end processing
We show that recombinant ARS2 and CBC form a stable complex in vitro and that they bind very similar sets of capped RNAs in vivo. ARS2 is thus a major effector of the CBC. The CBC has long been known to stimulate mRNA 3′-end formation 9 , but its partners and mechanisms of action remained elusive. We observe that CBC and ARS2 knockdowns stimulate read-through of 3′-end sites of not only snRNAs but also replication-dependent histone genes and polyadenylated mRNAs. ARS2 is thus a general and versatile adaptor that links the cap to a number of RNA 3′-end-processing events. This corroborates a proteomic analysis of the proteins that assemble on a short RNA carrying a model AAUAAA cleavage-and-pA site 39 . This study detected a very large complex containing not only the canonical components of the pA-cleavage machinery but also the integrator complex that processes snRNAs. Thus, the 3′-end-processing machinery may exist as a 'super complex' able to process different types of RNA. This machinery may be correctly positioned and stabilized by cis-acting RNA sequences together with CBC and ARS2. ARS2 has been previously implicated in histone 3′-end formation, but it was unclear whether this effect was related to the CBC 22 . Our data indicate that the effects of CBC and ARS2 are linked and that they act through the cleavage factor CLP1. First, CBC and ARS2 copurify with CLP1, and second, the depletion of these proteins similarly affects 3′-end processing of snRNAs, histone mRNAs and RNAcontaining pA sites. This suggests a model in which the CBC recruits CLP1 through ARS2 (Fig. 7b) .
CLP1 is an essential component of the cleavage factor CFII(m), in which it interacts with the CTD-binding protein PCF11 (ref. 37) . Interestingly, it is also part of the TSEN complex, which is required for both tRNA splicing and cleavage at mRNA pA sites 36 . It is currently unclear whether TSEN associates with CFII(m) and whether these two activities of CLP1 in mediating mRNA 3′-end cleavage are related or not. Depletion of PCF11 affected 3′-end processing of snRNAs, histone mRNAs and polyadenylated mRNAs, results consistent with a role for this factor in the effects of CLP1. We also attempted to deplete TSEN2, but we were unsuccessful (data not shown). Taken together, our data indicate a broad role of CLP1 and PCF11 in 3′-end processing at a variety of signals and suggest that CBC and ARS2 help to recruit these factors. Possibly, ARS2 may also act on RNA polymerase II to promote termination, and this may also stimulate 3′-end processing.
CBC stimulates histone 3′-end formation through several partners
The CBC is involved in histone 3′-end formation as part of a ternary complex containing NELF-E and SLBP 15 . NELF induces polymerase pausing at the promoter, and it was proposed to recruit CBC to improve downstream RNA processing once the polymerase is released 15 . We did not detect an effect of NELF-E depletion in our luciferase read-through assays, perhaps because the CMV and histone promoters differ in their ability to assemble the NELF-CBC-SLBP complex. This, however, indicates that the effects of CBC and ARS2 that we observe are NELF independent. ARS2 also interacts directly with FLASH 40 , a protein with an essential role in histone 3′-end formation. The CBC may thus stimulate histone-mRNA processing through several different pathways involving NELF and SLBP, ARS2 and CLP1 or ARS2 and FLASH. These factors have different targets and may act synergistically.
snRNA 3′-end processing also requires NELF 31 . As for histone genes, NELF may ensure CBC loading before polymerases escape. For such short genes, elongation may take as little as 2 s, and loading of the 3′-end-processing machinery at the promoter might be especially important. Such rapid kinetics may also explain the requirement for a cognate promoter in 3′-end formation of snRNAs 28 .
CBC, ARS2 and the discrimination of cryptic transcripts
A large fraction of the genome produces cryptic transcripts that are rapidly degraded, and one fundamental question involves understanding of the specific features leading to the production of a stable mRNA. Cleavage-and-polyadenylation sites and U1 snRNP are important factors that control promoter directionality and that discriminate functional from cryptic transcripts 33, 35 . Cleavage-andpolyadenylation sites present close to TSSs trigger premature transcription termination in the antisense orientation, whereas they are suppressed by splice-donor sequences in the sense orientation [33] [34] [35] . CBC and ARS2 appear to specifically stimulate premature pA signals because their effect is sensitive to the distance from the cap and is suppressed by splice-donor sequences. Interestingly, CBC and ARS2 copurify with the exosome cofactor NEXT 30 . Moreover, CBC-ARS2 knockdown stabilizes cryptic RNAs (Fig. 4a and ref. 26 ). This suggests that cap-proximal pA-site processing mediated by CBCA leads to RNA degradation through the recruitment of NEXT and the RNA exosome. CBCA-mediated RNA processing and cotranscriptional measurement of gene length would be analogous to the role of the NRD1 complex in yeast, which triggers transcription termination and RNA degradation close to the TSS 41 . The NRD1 complex is targeted to the TSS-proximal region by its interaction with the Ser5-phosphorylated Pol-II CTD 41, 42 . Here, ARS2 and CBC are recruited by the cap, and the simplest model would be that increasing the length of the transcript would decrease the probability of CBCA interaction with the elongating polymerase (Fig. 7c) .
CBC and ARS2 form a key node in RNA processing, and they physically connect machineries involved in 3′-end formation, degradation and export. This raises the possibility that CBC and ARS2 select the fate of nascent RNAs. Indeed, our data suggest that for short RNAs such as snRNAs and histone mRNAs, CBCA may promote export when the RNA is cleaved at the proper site and degradation when the polymerase reads through it. In the future, a key objective will be to understand the specific features that lead CBC to route RNAs for productive or degradative pathways.
METHODS
Methods and any associated references are available in the online version of the paper. HeLa cells containing CLP1-GFP-tagged BAC were described previously 38 . DNA cloning was performed by standard techniques and with the Gateway system (Invitrogen). Detailed maps and sequences are available upon request. Original images of gels used in this study can be found in Supplementary Figure 6. siRNA treatments. siRNAs were transfected for 48 h with JetPrime (Polypus) or Lipofectamine and Plus reagent (Invitrogen), as previously described 43 . The sequence of the FFL siRNA was described before. The sequences of the other siRNAs were:
ARS2: 5′-UUCUUCUCUUCCUUGUCCC dT dT PHAX: 5′-UAGUAUCAGCGAGGAACAAAUUA dT dT and 5′-AAGAGUAUAUAGCACAGGAUUUA dT dT CLP1: 5′-GCACAGAGCUGACCCGAAA dT dT RRP40: 5′-CACGCACAGUACUAGGUCA dT dT PCF11: 5′-GGATAGAATTTGAGGAGAT dT dT CPSF3L: 5′-CAGCCAUGUUCCAGAUUAA dT dT FLASH: 5′-CCGCAAGGAUGAAGAAAUA dT dT CBP20: 5′-GGGUGACAAUGAAGAACAA dT dT CBP80: 5′-GGAAGAAGCUAAAGAGAAA dT dT NELF-E: 5′-CAGCCAAGGTGGTGTCAAA dT dT Control: 5′-CAACAGAAGGAGAGCGAAA dT dT
Immunoprecipitation experiments. Initial immunoprecipitation of endogenous PHAX was performed with NP-40 lysis and wash buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM MgCl2, 15% glycerol and 1% NP-40) and monoclonal anti-PHAX antibodies (clones 10E3 and 17E11) or anti-p24 as control, coupled to protein G-Sepharose (4 fast flow; GE Healthcare). 1 ml of hybridoma supernatant was used per IP; validation of the PHAX antibody is in Supplementary Figure 1a . GFP immunoprecipitation was performed with GFP-TRAP beads (Chromotek) as in ref. 44. Anti-Flag immunoprecipitation was done with M2 beads (Sigma-Aldrich, cat. no. A2220). Proteins were eluted in mild conditions, separated on SDS-PAGE (5-20%) and analyzed by MS. For anti-Flag and anti-GFP immunopurification, cells were extracted in HNTG buffer (20 mM HEPES, pH 7.9, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM MgCl 2 , 1 mM EGTA, and protease inhibitors) for 30 min at 4 °C. Cellular debris was removed by centrifugation (10 min at 9,000g). Extracts were incubated with antibody-coated beads for 2 h at 4 °C (M2 (Sigma) and GFPbinder (Chromotek) for Flag and GFP, respectively). Beads were washed twice in HNTG and three times in PBS, and pelleted materials were resuspended in 1% SDS at RT and finally in Laemmli buffer. When indicated, RNAse A was added at 0.6 µg/ml final concentration for 30 min at 4 °C. For SILAC, we used cryoground extracts 45 . All buffers were supplemented with complete proteaseinhibitor cocktails (Roche). For LUMIER assays, PHAX was fused to Renilla luciferase and cotransfected with Flag-CBP20. Luciferase activity was measured in extracts and pellets with the dual luciferase kit (Promega). siRNA and plasmids were transfected for 48 h with JetPrime (Polyplus), or with Lipofectamine and Plus reagent (Invitrogen), as recommended by the manufacturers.
Proteomic and SILAC analyses. Incorporation of isotopically labeled amino acids was performed by cultivating cells for 1 week in the appropriate medium, as previously described 44 . Cells were then cryoground, and extracts were immunopurified as described above.
Tryptic Digestion. IP eluates from the three SILAC conditions were mixed in a 1:1 ratio, denatured in lithium dodecyl sulfate sample buffer (Invitrogen) containing 10 mM DTT at 95 °C for 5 min and alkylated with 50 mM iodoacetamide for 30 min in the dark at room temperature. The protein samples were loaded on adjacent lanes of a NuPAGE 4-12% gradient gel (Invitrogen) and electrophoresed at 160 V for 60 min. Proteins were fixed in 10% acetic acid and 50% ethanol, then stained with colloidal Coomassie blue solution (Euromedex). The gel lanes were each cut into ten equal sections that were washed successively with 50% acetonitrile, 50 mM triethylammonium bicarbonate (twice) and acetonitrile before being dried in a SpeedVac (Eppendorf). Trypsin (5 µg/ml trypsin gold; Promega) in 25 mM triethylammonium bicarbonate was added in a volume sufficient to cover the gel pieces and incubated for 12 h at 30 °C. The supernatant was transferred to a fresh tube to which two 50% acetonitrile, 2.5% formic acid washes of the gel pieces were also added. The digested samples were dried in a SpeedVac before MS analysis.
LC-MS Analysis. Tryptic digests were analyzed by an Ultimate 3200 nanoflow chromatograph (LC Packings) coupled to an LTQ-Orbitrap XL (Thermo Finnigan) mass spectrometer equipped with a dynamic nanospray source (Proxeon). Peptide mixtures were separated with a Dionex Ultimate 3000 Integrated System consisting of a WPS3000T microautosampler, FLM3100 flow-manager module and UltiMate DGP3600M micropump, a PepMap C18 column (75 µm, 15 cm; LC Packings), and mobile phases of 2% acetonitrile and 0.1% formic acid in water (A) and 100% acetonitrile and 0.085% formic acid in water (B). The column was equilibrated in buffer A at a flow rate of 300 nl/min. The dried digests were resolubilized in 0.1% (v/v) formic acid and loaded onto a PepMap100 C18 capillary trap (5 µm, 100 A°, 300 µm id, 5 mm, LC Packings) equilibrated in buffer A at a flow rate of 20 µl/min. After 3 min, the capillary cartridge was switched in line with the analytical column and eluted with the following gradient: 2-40% buffer B (3-33 min), 40-80% B (33-34 min) and 80-0% B (49-50 min), and equilibrated for 20 min in 0% B (50-70 min). The column eluate was electrosprayed with 2,000 V applied to a Picotip (FS360-20-10-CE-20-C10.5, New Objective, Woburn, MA). Mass spectra were acquired with a top-ten collision-induced dissociation (CID) data-dependent acquisition (DDA) method. The LTQ-Orbitrap was programmed to perform a FT full scan (60,000 resolution) on 400-1,400 Th mass range with the top ten ions from each scan selected for LTQ-MS-MS. FT spectra were internally calibrated with a single lock mass (445.1200 Th). Target ion numbers were 500,000 for FT full scan on the orbitrap and 10,000 MSn on the LTQ.
MaxQuant analysis. The acquired raw files were analyzed by MaxQuant (version 1.2.2.5). Andromeda, a search engine included in MaxQuant, was used to search the peak lists (top six in intensity per 100 Da) against the human complete proteome set (CPS) database downloaded on 20 June 2012 (70,254 entries). Common contaminants were added to this database. The search included cysteine carbamidomethylation as a fixed modification and N-terminal acetylation and methionine oxidation as variable modifications. The 'second peptides' identification option in Andromeda was enabled. The false discovery rate was determined by searching of a reverse database. A false discovery rate of 0.01 for proteins and peptides was required. Enzyme specificity was set to trypsin, thus allowing N-terminal cleavage to proline. Two miscleavages were allowed, and a minimum of 6 aa per identified peptide were required. Peptide identification was based on a search with an initial mass deviation of the precursor ion of up to 20 p.p.m. before and 6 p.p.m. after retention time-dependent mass recalibration, and the allowed fragment mass deviation was set to 0.5 Da. To match identifications across different replicates and adjacent fractions, the 'match between runs' option in MaxQuant was enabled within a time window of 3 min. Quantification of SILAC triplex was performed by MaxQuant with standard settings, with a minimum ratio count of 2 and a minimum number of two peptides per protein, including at least one Rasor per unique peptide.
Nuclear and cytoplasmic fractionation. For cytoplasmic extracts, commercial S100 extracts from HeLa cells were used (Calbiotech). Nuclear fractionation was performed as described in ref. 44 . Briefly, HeLa cells were resuspended in cold buffer A (20 mM Tris-HCl, pH 7.4, 10 mM KCl, 3 mM MgCl 2 , 0.1% NP-40, 10% glycerol and protease inhibitor) for 10 min at 4 °C, and nuclei were pelleted by centrifugation (10 min at 2,500 r.p.m.) and finally extracted in HNTG.
Chromatin immunoprecipitation. After double siRNA transfection of HeLa cells, DNA and protein were cross-linked in 1% formaldehyde with rocking at room temperature for 10 min. Reactions were quenched by the addition of glycine to 0.125 M. Cells were then washed in ice-cold PBS and lysed 10 min in ChIP lysis npg
